Introduction
[2] In Incoherent Scatter Radar (ISR) measurements, the transmitted electromagnetic wave is scattered off naturally occurring wave modes in the ionosphere. Low frequency Landau damped ion acoustic waves traveling parallel and anti-parallel to the radar beam are responsible for the characteristic double-humped ion line, typically some tens of kHz wide.
[3] In addition, Langmuir waves traveling along the radar beam produce two spectral peaks known as up-and downshifted plasma lines. The frequency offsets of the plasma lines are close to the plasma frequency, i.e. a few MHz for most ionospheric conditions. These ion acoustic and Langmuir waves exist inherently in a plasma due to thermal fluctuations [Beynon and Williams, 1978] .
[4] The scattering off Langmuir waves in a thermal plasma is much weaker than that off the ion acoustic waves, normally below the detectability levels of current ISRs. However, there are mechanisms that lead to the enhancement of these waves above thermal levels. These enhancements are caused by non-thermal tails of the electron velocity distribution produced by photo-electrons, and at high latitudes by particle precipitation as well [e.g., Bjørnå and Kirkwood, 1986] .
[5] The existence of NEIAL in ISR data has been known since the late 1980s [Sedgemore-Schulthess and St.-Maurice, 2001 , and references therein]. NEIALs are characterized by enhancement in either or both of the ion acoustic lines over a short time interval. In standard ISR experiments, data has usually been pre-integrated for 5 -10 seconds, and with this temporal resolution, enhancements of 1 to 2 orders of magnitude above the thermal level have been reported.
[6] Much effort has been made in order to construct theories to explain the mechanism that causes NEIAL. Until now, it has not been possible to confirm acceptable agreement of any one of them with experiments. The observations reported here are similar to those mentioned by Rietveld et al. [2002] , although at twice the wave number. The existing theories are summarized below.
[7] Foster et al. [1988] , and later also Rietveld et al. [1991] , proposed a current-driven instability model where the current needed to trigger the instability was carried by the thermal electrons. The latter authors suggested that the thermal electrons were accelerated by a parallel electric field created when the soft electrons are stopped at F-region altitudes, where they produce an accumulation of charges. Simulations show that asymmetry in the ion spectrum may develop also below the instability threshold because of reduced Landau damping associated with the displacement of the thermal electron population relative to the ion population. The model suggested by Rietveld et al. [1991] cannot directly explain the simultaneous enhancement in both ion acoustic lines, unless it is a result of temporal or spatial averaging over the integration time or the scattering volume, respectively.
[8] Wahlund et al. [1992] suggested an ion-ion two stream instability, produced by a relative drift between two (or more) ion species as the source of the NEIAL. Their model can explain the enhancement in either or both the ion acoustic lines in terms of different relative drift velocities between the ion species. Like the current-driven instability, the asymmetry in the ion lines may develop also below instability threshold as a result of reduced Landau damping.
[9] A third, and very different, model was suggested by Forme [1993 Forme [ , 1999 , where electron beam driven Langmuir waves enhance the ion-acoustic fluctuation through a wavewave interaction. This model contains the possibility of simultaneous enhancement of both ion lines.
[10] Grydeland et al. [2003, 2004] , using interferometric methods, have shown that the size of the structures responsible for the increased scattering are only on the order of a hundred meters in the horizontal direction, possibly even less. Compared to the scattering volume defined by the 0.6°E ISCAT Svalbard Radar (ESR) beam, the increased scattering originates from as little as 0.3% of the scattering volume. The actual enhancement within these structures must there-fore be 4 to 5 orders of magnitude above thermal level, which cannot be explained by reduced damping, but must originate from an instability. In addition, Grydeland et al. [2003] show the existence of simultaneous and co-located enhancement in both ion lines on a 0.2 s time resolution, indicating that the two ion lines are in fact enhanced simultaneously, and are therefore not the result of temporal or spatial averaging as suggested by Rietveld et al. [1991] , probably related to an auroral arc intersecting the vertical radar beam.
Experiment
[11] The ESR is a 500 MHz IS radar, consisting of two parabolic dish antennae situated at 78°09 0 11 00 N, 16°01 0 44 00 E, outside Longyearbyen, Svalbard. The smaller dish, 32 meter in diameter, is fully steerable in azimuth and elevation, while the larger dish, 42 meter in diameter, is fixed along the local direction of the geomagnetic field with an azimuth of 181°and elevation of 81.6°. For a general description of the ESR system, refer to Wannberg et al. [1997] .
[12] For the observations presented here, the 32 m steerable antenna of the ESR was pointed in the same direction as the fixed 42 m antenna and used to transmit 360 ms long pulses on two frequencies separated by 200 kHz. The scattered signal was then received in both antennae, which in principle enables us to detect localized scattering structures by an interferometric technique [Farley et al., 1981; Grydeland et al., 2003 Grydeland et al., , 2004 . However, in this paper we present data from the 32 m antenna only.
[13] In addition, the steerable antenna has in place receiver bands offset from the transmitter band by ±4 or 8 MHz which we have used to detect scattering at plasma line frequencies. Because of the two transmitted pulses, every plasma line receiver channel is sensitive to scattering from two plasma line offsets, separated by 200 kHz. The offsets monitored, in both up-and down-shifted channels and in every pulse, were 2.625/2.825 MHz, 3.475/3.675 MHz, 4.325/4.525 MHz and 5.175/5.375 MHz. Henceforth, we will simply refer to these as 2.7, 3.5, 4.4 and 5.2 MHz, respectively.
[14] During the January 2004 ESR Radar and Optical Nikita campaign, simultaneous ion and up-and downshifted plasma line raw data sampling on several channels was used for the first time on the ESR system.
Observations
[15] Close to magnetic noon on 10 and 11 January 2004, a few events of simultaneous ion and plasma line enhancements took place. The ion spectra during these events show the characteristic enhancements in either or both of the ion acoustic shoulders, which is typical for NEIAL.
[16] Figure 1 show the power in the up-shifted 3.5 MHz plasma line and the ion line integrated over a single transmission cycle (40 ms), respectively, over a period of 12 seconds between 06:35:09 and 06:35:21 UT, 11 January 2004. Four altitude ranges, two pulse lengths or 108 km long, between 123 and 555 km are plotted from bottom to top. Integrating over shorter ranges increases the variance without changing the overall impression of the phenomenon. Between 06:35:12 and 06:35:18 UT we see enhancement in both the plasma line and ion line extending over several altitudes. The data shows a clear enhancement in received power in both the ion line and the 3.5 MHz upshifted plasma line, displaying a time and altitude evolution undoubtedly closely correlated.
[17] For the first two seconds of the enhancement event, from 06:35:12 to 06:35:14, the plasma line is enhanced over 3 altitudes, from the lowest, centered at 177 km, up to the gate centered at 393 km. The ion line, however, shows no sign of enhancement at the lowest altitude, but enhancements similar to the plasma line at 285 km and 393 km. The next two seconds, from 06:35:14 to 06:35:16, the 3.5 MHz plasma line is enhanced only at the two lowest altitudes (177 km and 285 km), while the ion line is only enhanced at 285 km. During the last second of the event, from 06:35:16 to 06:35:17, both the 3.5 MHz plasma line and the ion line are enhanced at the two lowest altitudes. Some ion line enhancement remains even after the plasma line enhancement has disappeared around 06:35:17.
[18] The 3.5 MHz down-shifted plasma line (not shown) shows the same characteristics as the 3.5 MHz up-shifted plasma line and the ion line, for the total of 6 seconds the enhancement lasts. In the up-shifted 2.7 MHz plasma channel (not shown), strong and structured enhancements are seen during the same 6 second interval at the lowest altitude, at 177 km, with no corresponding enhancement in the down-shifted 2.7 MHz line.
[19] Towards the end of the event, at the lowest altitude range, a weaker ion line enhancement, which persists for several minutes, is observed. This is probably due to increased electron density in the E-region caused by particle precipitation. In this same interval, starting around 06:35:17, the ±4.4 MHz plasma line (not shown) is weakly enhanced, probably due to the precipitating superthermal electrons. This plasma line enhancement is a few dB, and hence orders of magnitude below the ±3.5 MHz enhancement during the main event. Unfortunately, no optical data is available from the time periods of the enhancements due to bad weather.
Discussion
[20] In order to explain the simultaneously enhanced ion and plasma lines, one out of two processes may have taken place. Either they are both generated ''independently'' from the same source of free energy, or they are directly interacting with each other in a wave-wave interaction. Since all our experiments are field aligned, we can ignore wave modes propagating with an angle to the magnetic field. In order to enhance the ion line in an unmagnetized plasma, either a streaming instability (ion-ion or electron-ion), or a wave decay -cascading or cavitating Langmuir turbulencehas to be present [Sedgemore-Schulthess and St.-Maurice, 2001, and references therein]. Streaming instabilities are generated when either two ion populations or the thermal ions and electrons are drifting relative to each other. Low frequency waves -in our unmagnetized case, ion acoustic waves -can be enhanced due to reduced damping. For some drift parameter ranges these low frequency wave modes might grow unstable [Kindel and Kennel, 1971] . The frequency of the unstable waves generated through these instabilities are in the low frequency range, and proportional to the wave-vector satisfying the Bragg condition for the radar (if they are to be visible to the radar), times the drift velocity of the ions or the electrons. This velocity is typically within a few times the thermal velocity L05103
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of the drifting species. Hence, neither of these streaming instabilities can explain the generation of enhanced high frequency plasma waves. On the other hand, in the model proposed by Forme [1993 Forme [ , 1999 , Langmuir waves are generated by an electron beam triggered bump-on-tail instability, and may grow above threshold to trigger, in turn, a decay instability, and hence result in enhanced Langmuir and ion acoustic waves. The most common interpretation of naturally enhanced plasma lines in the polar ionosphere is enhancement due to reduced Landau damping (enhanced Cherenkov emissions) due to a flattening of the tail of the electron distribution produced by an isotropic flux of super-thermal secondary electrons [Bjørnå and Kirkwood, 1986] . The super-thermal (eV) secondary flux originates from either solar EUV or auroral electrons ($keV). Such secondary electron populations are in general isotropic, and can hence never result in a positive gradient in a one-dimensional electron distribution along any direction, which means that such an isotropic plasma is stable against Langmuir wave instability. It may explain a small enhancement of the plasma waves by the reduction of the Landau damping, but what it cannot explain is the enhancement of the ion acoustic waves. This interpretation can therefore not support our measurements of the simultaneous enhancement in the ion and plasma lines. This leads us to the conclusion that a beam driven wave-wave interaction is the most likely candidate for the generation of the simultaneously enhanced ion and plasma line observed during the 2004 ESR Nikita campaign. The decay instability proposed by Forme [1993 Forme [ , 1999 is embodied in the Zakharov equations [Zakharov, 1972] , well known from ionospheric heating experiments under which strong enhancements of both ion acoustic and Langmuir waves take place, and which the Zakharov model seems to explain very well [e.g., Hanssen et al., 1992] . The difference between this and the natural phenomenon discussed here is in the source of the free energy that excites the instabilities.
[21] In the ionospheric heating experiments the heating RF wave decays into an ion acoustic wave and a Langmuir wave, the latter decaying again in a similar fashion. There are two regimes of the instability. One in which the decay is discrete, producing correspondingly a discrete Langmuir wave spectrum with separate peaks representing the successive levels of decay and is generally known as cascading Langmuir turbulence. In the other regime -generally known as cavitating Langmuir turbulence -the Langmuir wave spectrum is continuous. Both regimes produce enhanced ion acoustic and Langmuir waves.
[22] For the NEIAL, the source of free energy is thought to be a low energy electron beam associated with auroral particle precipitation [Forme, 1993] . The low energy beam, together with the thermal electrons, form a distribution known as a bump-on-tail distribution. For some values of the beam parameters this distribution causes unstable growth of Langmuir waves via Landau growth on the region of positive slope of the distribution. Forme [1999] further argued that when the beam-generated Langmuir wave field is above threshold, it decays into a secondary oppositely directed Langmuir wave, and an ion acoustic wave parallel to the primary Langmuir wave. The secondary wave might itself be the mother wave of a secondary decay, and a cascade of energy towards lower wave vectors (longer 
wavelengths) will persist as long as the wave field of the daughter Langmuir wave is above the decay threshold.
[23] In each of these decays, the three waves involved have to fulfill the matching conditions:
where the asterisk in equation (2) is the complex conjugate of the complex wave frequency, and L and S refer to Langmuir and ion acoustic (sound) waves, respectively.
[24] For a wave to be detected by an incoherent scatter radar, in our case the ESR, the Bragg condition has to be fulfilled, and only waves with wave vectors k wave = 2k radar (for the ESR k wave = 20.96 m À1 ), can be observed. This of course is the case for both the ion acoustic and Langmuir waves responsible for the ion line and plasma line, respectively. From equation (1) we see that the ion and plasma line from the same decay cannot be observed with a single IS radar, since they occur on different wave vectors. In order for the cascading Langmuir turbulence, suggested by Forme [1993 Forme [ , 1999 , to explain the simultaneous enhancement in both ion and plasma line, an electron beam with large enough energy spread is needed in order to trigger a large enough bandwidth of primary growing Langmuir waves such that the Bragg condition is simultaneously fulfilled for both ion acoustic and Langmuir waves in the same volume. If the wave number spectra are wide enough it should be possible to satisfy the Bragg condition for both waves simultaneously and in the same plasma volume during suitable conditions.
[25] Calculations done by us show that an electron beam with a velocity spread of Dv b $ 1/3v b is sufficient to generate a wide enough wave number spectra to simultaneously enhance the ion-and plasma-line at the same Bragg number.
[26] The first two seconds of the event, from 06:35:12 to 06:35:14 UT, the 3.5 MHz plasma line is enhanced down to 177 km, while the enhancement in the ion line starts at a higher altitude, around 285 km. This is also in agreement with the three wave interaction model. The lack of enhancement in the ion line at the lowest altitude can be explained as a sign that the Langmuir wave is below threshold for decay given the background parameters at this altitude.
[27] The last part of the ion line enhancement, from about 06:35:17 to 06:35:18, is not accompanied by a plasma line enhancement. This can be explained in terms of the wavewave interaction theory, since it only requires that the electron beam is offset from the simultaneous ion-and plasma-lines matching conditions, or its width is too narrow to simultaneously enhance both ion and plasma lines at the ESR Bragg number at this instant. Electron beam parameter calculations similar to those done by Forme [1993] for the ESR system, predict beam energy and density on the order of 8 -80 eV and 10 4 -10 5 m
À3
, respectively.
Conclusion
[28] The wave-wave interaction theory appears to be a good explanation of the present observations, as well as previous observations of enhanced scattering with spectral shapes incommensurate with streaming instability theories [Grydeland et al., 2003] or accompanied by plasma line enhancement [Rietveld et al., 2002] . Of course, this does not rule out that other mechanisms may also play a part at times, and the observations reported by Foster et al. [1988] and Collis et al. [1991] may very well be explained more naturally through a current-driven instability theory. Further analysis of the data set, including retrieving spectral information of the high time resolution data will improve our understanding of the process at work, and will be carried out in the future.
